A substantial amount of cytochrome oxidase subunit HI (COHI) mRNA continues to be synthesized de novo in Trypanosoma brucei in the presence of actinomycin D, presumably by a DNA-independent transcription process. We describe the identification of negative-strand corn RNA molecules, characterization of their termini, and the detection of RNA-dependent RNA polymerase activity. Three lines of evidence for the existence of negative-strand corn RNA are presented: (i) hybridization with oligonucleotide probes with the same polarity as mRNA after preliminary enrichment for putative negative-strand RNA by affinity purification; (ii) cloning and sequencing of negative-strand complements for the unedited, edited, and partially edited corn RNA; and (iii) exact correspondence of the terminal sequences of the putative negative-strand RNA molecules to the ends of con RNA. The presence of negative-strand complements of coM RNA is consistent with the notion that a significant amount of mRNA in T. brucei is synthesized by an RNA-dependent RNA polymerase with negative-strand RNA as an intermediate template.
trypanosomes where the regular, cis-splicing is not observed (1, 2) . RNA editing, which occurs in kinetoplast mitochondria, involves addition or occasionally the deletion of uridylate residues (3) (4) (5) (6) (7) . This process occurs posttranscriptionally; and as a result the nucleotide sequence of the mature edited mRNA differs from that of the gene from which it is transcribed (8, 9) .
In the course of studies of RNA editing, we observed that a significant proportion of some edited mRNA species in Trypanosoma brucei is the product of an actinomycin D-resistant (i.e., presumably DNA-independent) transcriptional process (10) . This finding suggested the occurrence in T.
brucei of yet a third unusual feature of RNA metabolism, RNA-dependent RNA synthesis via negative-strand RNA intermediates. Here we describe the identification and characterization of negative-strand complements for cytochrome oxidase subunit III (COIII) RNA in procyclic T. brucei.
MATERIALS AND METHODS
Cell Culture. The procyclic form of clone 570 of T. brucei, stock EVE10 (from I. Cunningham, University of Massachusetts, Amherst), was grown in Dulbecco's modified Eagle's medium with 20% fetal bovine serum.
Isolation of RNA. Cells were lysed at 0C in 20 mM Hepes, pH 8.2/360 mM NaCl/4 mM MgCl2/8% (wt/vol) sucrose/ 1.5% (vol/vol) Triton X-100 containing RNasin (Promega) at 1000 units/ml. The cytoplasmic fraction was treated with proteinase K and extracted with phenol/chloroform/isoamyl alcohol, 25:24:1 (vol/vol).
RNA Electrophoresis, Blotting, and Hybridization. RNA samples were denatured and subjected to electrophoresis in 1.5% agarose gels containing formamide and formaldehyde (10) . Blots were hybridized in the presence of nonspecific oligonucleotide (200 ,ug/ml) of size comparable to the size of the probe. Blots were washed in a reciprocal shaker for 10-15 hr (4) . Oligonucleotides were synthesized on a Cyclone II DNA synthesizer (Biosearch). For immobilized oligonucleotides an oxidizable solid support (Molecular Biosystems, San Diego) was employed.
All probes specific for negative-strand COIII RNA were tested by hybridization with total cytoplasmic RNA from untreated cells, which contain extremely low levels of negative-strand RNA (see below). No hybridization was observed, indicating that the probes for negative-strand COIII RNA lack significant complementarity to positive-strand COIII RNA or to other constitutively produced RNA.
Enrichment by hybridization with immobilized oligonucleotides was carried out at 320C on a rocker platform for 17-24 hr in 100-150 ,l of modified buffer for blot hybridization, containing 0.5x Denhardt (11) Abbreviation: COIII, cytochrome oxidase subunit III.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. with the following modification. RNA was incubated for 3 min at 1000C together with the primer and kept at 00C prior to reverse transcription. The cDNA was amplified by PCR after treatment with 0.3 M NaOH at 65°C for 1 hr (11) . Control experiments showed that the primers used did not hybridize with positive-strand CO21 RNA. The possibility that cDNA resulted from self-priming or from priming by endogeneous RNA of positive-strand CO21 RNA was ruled out by a control experiment in which the primers were omitted from the cDNA synthesis reaction or in which alkali-treated RNA was used in conjunction with primers. To amplify edited negative-strand CO21 molecules, primer 1 was used in conjunction with primer 3, an oligonucleotide complementary to the 3' end of edited cDNA. To amplify unedited molecules, primer 2 was used in combination with primer 4, an oligonucleotide complementary to the 3' end of unedited cDNA. To amplify partially edited molecules, primer 2, specific for the 3' end of unedited negative-strand CO21 RNA, was used in conjunction with primer 3, complementary to the 3' end of edited cDNA. Amplified DNA was treated with polynucleotide kinase and with DNA polymerase Klenow fragment to generate the blunt end. Ligations with EcoRV-treated pBluescript (Stratagene) vector DNA and transformations were as described (11) . Sequencing was carried out using T7 DNA polymerase and primers complementary to vector sequences as recommended by U.S. Biochemicals. Each sequence was read in both directions.
Characterization of the 3' End of Negative-Strand COM RNA Molecule. DNase-treated cytoplasmic RNA was further treated with calf alkaline phosphatase. This was followed by ligation with an RNA fragment, transcribed with T7 RNA polymerase from pGEM (Promega) DNA linearized at the Xba I site, using 20 units of T4 RNA ligase in 12 ,ul of 50 mM Hepes (pH 8.0) containing bovine serum albumin (10 ,ug/ml), 1 mM phosphocreatine, creatine kinase (175 units/ml), adenylate kinase (170 units/ml), 10 mM MnCl2, RNasin (1 unit/ ml), 20 mM dithiothreitol, 2 ,uM ATP, 20% dimethylsulfoxide, 13% PEG, 9 ,ug of T. brucei RNA, and 0.6 ,g of 30-nucleotide RNA fragment for 17 hr at 170C. After incubation at 100°C for 3 min, cDNA was prepared using primer 5, which is complementary to a portion of the ligated RNA fragment. After alkaline treatment, cDNA was amplified by PCR using primer 6, complementary to the edited COIII RNA, in conjunction with primer 5. DNA was cloned in pBluescript. Clones were screened by hybridization with oligonucleotide probes and sequenced.
Characterization of the 5' End of Negative-Strand COm RNA. cDNA was prepared using DNase-treated T. brucei RNA and primer 7, complementary to the negative-strand COIII RNA. After alkaline treatment, cDNA was ligated with oligonucleotide III by T4 RNA ligase. Before ligation, the oligonucleotide was treated with polynucleotide kinase to generate 5' NMP. The ligated molecules were amplified by PCR using primer 8, complementary to the ligated synthetic fragment, in conjunction with primer 7. DNA was cloned in pBluescript. Clones were screened by hybridization with oligonucleotide probes and sequenced.
Oligonucleotides. Sequences are given 5' to 3'. Oligonucleotide I, TGTITIlCGTTGTATA1TlGTTGGTGTTAGTGGT-GTTTTTGT; II, CGGGCAACAGCTGATT GCCC; III, CAACAAACTCAATCATAATACl-T--CTTCTTC.
The following oligonucleotides are complementary to the positive-strand COIII RNA: IV, AACTTCCTACAAAC-TACC; V, CCGTGTTCCTCCTTCC; VI, CTTCCTTCCCT- Biochemistry: Volloch et al.
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GGu u uu uGuAuu uGuuuGuuGu uGuuAu uGuuA GAu uuGuu uuGuGAuu uuu uACGuGGu uuAuuuGAuu uuuGuGuu uuA uuACGuuGuAuCCAGuAu uGu uuu uuA uGGuu uu u 323 Northern blots of T. brucei cytoplasmic RNA probed with end-labeled oligonucleotides complementary to a putative negative-strand COIII RNA revealed significant levels of negative-strand COIII RNA, provided the RNA samples were subjected to a preliminary enrichment procedure.
To obtain an RNA fraction enriched in putative negativestrand RNA, total cytoplasmic RNA of T. brucei was hybridized to an excess of an immobilized oligonucleotide complementary to a 3' portion of edited negative-strand COIII RNA. After extensive washes, bound RNA was eluted, concentrated, subjected to denaturing gel electrophoresis, blotted onto nitrocellulose, and probed with labeled oligonucleotides complementary to negative-strand COIII RNA. Under these conditions, edited negative-strand COIII RNA could be readily detected by several oligonucleotide probes for negative-strand COIII RNA (Fig. 1 ). It comigrates with its positive-strand counterpart, detected with a probe complementary to that which was used in the enrichment procedure. Probing the blots with unrelated labeled oligonucleotide of similar nucleotide composition did not produce a 4 . Nucleotide sequence of unedited negative-strand COIII RNA compared with positive-strand COIII RNA sequence. Underlined and marked are regions corresponding to oligonucleotides. Primers 2 and 4 were used in determining this sequence. signal, ruling out nonspecific hybridization. The failure to detect negative-strand COIII RNA without enrichment provided an important internal control by demonstrating that our negative-strand probes do not crossreact with positive-strand COIII RNA or other relatively abundant species.
Labeling experiments showed that the synthesis of negativestrand RNA, like that of edited mRNA (10), occurs in the presence of actinomycin D at concentrations at which the synthesis of unedited RNA is strongly inhibited. Indeed, treatment of cells with actinomycin D or ethidium bromide, both inhibitors of mitochondrial DNA transcription, increased levels of negative-strand COIII RNA (data not shown).
Partially Edited Negative-Strand COHII RNA Molecules. It was suggested earlier (5) that the RNA editing process is directional and proceeds from 3' to 5' of the unedited RNA molecule. This conclusion was based on sequence analysis of a large number of cDNA clones, from which it was possible to infer the presence of RNA molecules with edited sequences at the 3' portions but with no editing in the 5' portions, whereas no evidence for RNA with editing at the 5' portions but not at the 3' portions could be obtained (5) . It was therefore of interest to screen for the presence of negative-strand RNA molecules complementary to partially edited COIII RNA-i.e., molecules in which the 5' portions but not the 3' portions are edited. For this purpose, we developed a general assay for the pattern of editing. This approach employs specific oligonucleotide probes complementary to different portions of edited and unedited positivestrand COIII RNA (Fig. 2A) . The results (Fig. 2B ) are in agreement with the predictions based on an assumption of 3' to 5' polarity of editing of COIII mRNA. The analogous approach was used to analyze the pattern of editing of negative-strand COIII RNA. This analysis was carried out using a fraction of cytoplasmic RNA enriched in negativestrand COIII RNA by hybridization to and elution from equimolar amounts of immobilized probes for edited and unedited negative-strand COIII RNA. The results (Fig. 2C ) revealed partially edited negative-strand COIII RNA molecules with a 5' to 3' gradient of editing.
Nucleotide Sequence of Negative-Strand COIII RNA Molecules. The experimental strategy involved the synthesis of cDNA to negative-strand COIII RNA, its amplification by PCR, and sequencing of the amplified DNA. cDNA for edited negative-strand COIII RNA was synthesized using an oligonucleotide complementary to the 3' end of edited negativestrand COIII RNA (primer 1). cDNA for unedited and partially edited negative-strand COIII RNA was obtained by priming with an oligonucleotide complementary to the 3' end of unedited negative-strand COIII RNA (primer 2). Control experiments showed that the primers used did not hybridize with positive-strand COIII RNA. The RNA preparations to be analyzed were extensively treated with DNase prior to reverse transcription. These controls and precautions assured that cDNA obtained was uncontaminated by material derived from the positive RNA strand or by genomic DNA. The possibility that cDNA resulted from self-priming of positive-strand COIII RNA or from priming by endogenous guide RNA was ruled out by control experiments in which the primer was omitted from the cDNA synthesis mixture.
Prior to amplification by PCR, cDNA was treated with alkali to hydrolyze RNA so as to exclude any RNA-related artifacts during the subsequent PCR. The cDNAs were amplified by PCR using the original cDNA primer in conjunction with an oligonucleotide complementary to the 3' ends of either edited cDNA (primer 3) or unedited cDNA (primer 4).
After electrophoresis and excision from the gel, the amplified DNA was cloned in a pBluescript vector and sequenced. The resulting nucleotide sequences of edited and unedited negative-strand COIII RNA are shown in Figs. 3 and 4 and compared with the genomic COIII DNA sequence and with the unedited and edited positive-strand COIII RNA sequences. Sequences corresponding to partially edited negative-strand RNA were also found, and thejunctions between the edited and unedited regions are shown in Fig. 5 . These sequences are complementary to the edited positive-strand RNA in their 5'-terminal regions and to the genomic DNA (i.e., unedited positive-strand RNA) in their 3'-terminal portions. However, the nucleotide sequences of the junction regions between the edited and unedited portions of partially edited negative-strand RNAs differed from that ofboth edited and unedited RNA. A similar phenomenon has been described for partially edited positive-strand COIII RNA (5) .
Characterization of the 3' Ends of Negative-Strand COm RNA Molecules. Cytoplasmic RNA from T. brucei was linked with RNA ligase to a defined RNA fragment, and cDNA was generated from the ligation product by priming with an oligonucleotide complementary to the ligated fragment. Following the removal of RNA by alkali treatment, the cDNA was amplified by PCR using a primer corresponding to a sequence in edited negative-strand COIII RNA in addition to the primer used in cDNA synthesis. The amplified DNA was cloned and sequenced. The resulting nucleotide sequence is presented in Fig. 6 and compared with the genomic COTII DNA sequence and with edited positive-strand COIII RNA sequence. The results show that the 3' end of negative-strand COIII RNA corresponds to the 5' end of its positive-strand counterpart. These results constitute strong independent evidence for the presence of a negative-strand COIII RNA in T. brucei, because the observed product could result only from ligation of the RNA fragment to the 3' end of negativestrand RNA.
Characterization of the 5' Ends of Negative-Strand COmI RNA Molecules. To characterize the 5' ends of negativestrand COIII RNA molecules, we synthesized cDNA using T. brucei RNA as template and primer complementary to the edited negative-strand COTII RNA. After removal of RNA by alkali treatment, the cDNA was ligated with a synthetic DNA fragment and amplified by PCR using a primer complementary to the ligated fragment in addition to the oligonucleotide used to prime cDNA synthesis. The resulting nucleotide sequence is presented in Fig. 7 and compared with the genomic COIII DNA sequence and with edited positivestrand COIII RNA sequence. The negative-strand molecule corresponds to the encoded portion of COIII mRNA and in addition contains a short run of uridylate residues reflecting the poly(A) tail of positive-strand RNA. DISCUSSION We present three lines of evidence for the presence of negative-strand COIIT RNA in T. brucei. (i) Hybridization with oligonucleotide probes with the same polarity as mRNA, preceded by enrichment for putative negative-strand RNA molecules by affinity purification using immobilized singlestranded sense edited and unedited COIII sequences, revealed negative-strand COTIT RNA molecules progressively edited with a 5'-to-3' polarity and matching in size their positive-strand counterparts. The electrophoretic mobilities of negative-and positive-strand COIII RNA are very similar under the conditions used, despite the fact that the positiveand negative-strands have strong pyrimidine and purine biases, respectively. Control experiments using equal-length positive-and negative-strand COIII RNA transcribed from the edited COITI cDNA cloned in pBluescript showed their mobilities to be similar under our electrophoretic conditions.
(ii) Negative-strand complements for the unedited, edited, and partially edited COIII RNA were cloned and sequenced. The reliability of the results of the cloning and sequencing of the negative-strand COIII RNA molecules depends primarily on specificity of the cloning procedure. The precautions used, as well as the controls employed, provide reasonable assurances that the clones obtained originated from negativestrand COIII RNA molecules.
(iii) The terminal sequences ofthe putative negative-strand RNA molecules corresponded to the ends of COIII RNA. The procedures used for the determination of the 3'-terminal sequences of the negative-strand RNA involved the ligation of a defined RNA fragment to the 3' end of the putative negative-strand COIII RNA and were such that they could have yielded these results only when applied to a negative RNA strand and neither to the positive strand nor to DNA. These results therefore constitute independent evidence for the existence of negative-strand COIII RNA. Moreover, they show that the 5' end of negative-strand COIII RNA corresponds to the encoded portion of COIII mRNA and in addition contains a run of uridylates reflecting the poly(A) portion of positive-strand RNA.
In other experiments, not described here, we identified negative-strand complements to other T. brucei mRNA species including cytochrome b, MURF2, and cytochrome oxidase I. Since cytochrome oxidase I RNA is not subject to editing, this observation suggests that the occurrence of negative-strand complements to mRNA may be a general phenomenon in T. brucei.
What is the origin and what is the function of negativestrand RNA? Absence of genomic coding sequences for edited RNA clearly excludes a genomic origin of negativestrand RNA. On the other hand, the complementarity of positive-and negative-strand COIII RNA, including their termini, and the complementary disposition of edited regions in partially edited positive-and negative-strand RNA molecules suggest a template-product relationship between positive-and negative-strand RNA. This structural relationship, taken together with the demonstration that a significant proportion of edited COIII RNA is synthesized as a unit (10) and the identification of an RNA-dependent RNA polymerase activity in extracts of T. brucei (V.V., B.S., and S.R., unpublished results), is consistent with the function of negative-strand RNA as an intermediate template in RNAdependent RNA synthesis. Such a process, which seems to have no obvious relationship to the process of RNA editing, may play an important role in RNA metabolism in T. brucei as a mechanism of RNA amplification.
